Recently, an inequality satisfied by non-contextual hidden-variable models and violated by quantum mechanics for all states of a four-level system has been derived based on information-theoretic distance approach to non-classical correlations. In this work, we experimentally demonstrate violation of this inequality with single photons. Our experiment offers a method to study a distinction between quantum and classical correlations from an information-theoretic perspective.
Quantum theories [1] [2] [3] [4] [5] [6] provide advantages over classical ones for certain communication [7] and computational tasks [8] . Classical and quantum information processing scenarios differ on a fundamental level [9] , yet the outcomes of both types of scenarios are always classical. If one performs a test X with outcomes {x}, the information content of the test's statistics can be quantified via Shannon entropy H(X) = − x P (X = x) log 2 P (X = x), no matter whether the tested system was classical or quantum. In order to detect non-classicality in such tests, one should understand what the typical classical properties, revealed by Shannon entropies, are and how quantum ones differ. It is known that quantum correlations are stronger than classical ones, but when it comes to entropies of quantum tests, the differences are much more sophisticated. For example, non-classical features of entropies coming from quantum experiments can be amplified if one post-processes measured data, e.g., combines non-classical and classical probability distributions [10] .
Contextuality is one of the major differences between quantum and classical physics [3] : it states that measurement results of some physical property may depend on how this property is measured. Previous tests of contextuality focused mainly on the probability distribution of measurement results. Recently, the entropic tests of quantum contextuality were introduced [11] [12] [13] and further investigated experimentally [14] . However, these tests are state-dependent, i.e., departure from classical behavior can be detected only if the system is prepared in some special state. This paradigm was changed in [15] where the entropic approach to the state-independent contextuality was proposed allowing non-classical features to be observed for any state of the system. This is done with the help of a newly discovered multi-partite information-theoretic distance for binary measurements with two outcomes ±1. This distance measure uses Shan- * gnep.eux@gmail.com non entropy and yields a state independent, multi-partite non-contextual inequality that resembles the correlationbased inequality [5, [16] [17] [18] . In this paper we demonstrate its violations with single photons. Now we present an entropic version of the stateindependent contextuality proof commonly known as the Peres-Mermin square [4, 19, 20] . It is derived for a fourlevel system that can be represented as a composition of two qubits that are in the same place, or even encoded on the same system. Therefore, non-locality is of no importance in this case as it is not in a non-local Bell scenario. There are nine binary ±1 observables that can be measured on this system. Based on the compatibility relations, one performs these measurements in the following triples: 
In quantum theory, we take
where X, Y and Z are Pauli operators. In quantum theory 6 i=1 q i = −1 as q 1 = · · · = q 5 = 1 and q 6 = −1 for any quantum state. On the other hand, in any noncontextual realistic theory (NRT), i.e., a theory where the outcomes of A, B, etc., are predetermined (realism) and do not depend on the context in which they are measured (non-contextuality), one has 6 i=1 q i = 1. This is because each such outcome appears exactly twice in two different products q i and q j . Interestingly, in both NRT and quantum theory , we have H(q i ) = 0, since the products are well defined.
The entropic non-contextual inequality derived in [15] reads 
is the Shannon entropy of the probability distribution associated with the measurements X i , X j and X k and the corresponding outcomes x i , x j and x k . The distributions of outcomes in both quantum and NRT do not violate the inequality. However, equal mixing of the quantum and NRT distributions maximally violates the inequality for any quantum states.
We now demonstrate experimental test of the entropic state-independent non-contextuality inequality. The purpose of the experiment is to test different quantum states of a single-particle system. In the experiment we use a single photon that simulates two qubits encoded in different degrees of freedom -polarisation and propagation modes [21, 22] . The basis for our two qubits is encoded as {|0 = |U H , |1 = |U V , |2 = |DH , |3 = |DV }, where U and D indicate the upper and lower spatial modes of single photon, whereas H and V denote the horizontal and vertical polarizations of single photons. The photon pairs are generated in the spontaneous parametric down-conversion process, where one of the photons is a trigger heralding an arrival of the signal photon that we use to test the inequality. A polarization beam splitter (PBS), a beam displacer (BD) and half-wave plates (HWPs) are used to prepare the photonic four-level system in 26 different quantum states ready for testing. Sequential measurements of three compatible observables on the same photon are shown in Fig. 2 . M i (i = 1, 2, 3) describes the setup for measuring one of the nine observables. After the preparation stage, the pho-tons enter the device M 1 through the input and yield one of the two possible outcomes. Next, the photon enters devices M 2 , then M 3 and finally it is detected at one of the eight outputs.
The experimental setup is shown in Fig. 3 . Observables a = 1 ⊗ X and B = 1 ⊗ Y are simply rotations on the polarizations of photons keeping the spatial mode unchanged. Observables X and Y can be written as M = i=H,V m i |m i m i |, where |m i is an eigenstate of M and m i is the corresponding eigenvalue. A polarization rotation is defined U M = |H m H | + |V m V | and is applied on the polarization of the photons, which can be implemented by wave plates at certain setting angles following by a polarizing beam splitter (PBS). The overlap between the initial state and |m i equals to the probability of the photons being measured in the basis state |i ∈ {|H , |V }.
Measurements A = X ⊗1 and b = Y ⊗1 are performed only on the spatial modes. First we use beam displacers (BDs) to split and then combine the photons with certain polarizations into the same spatial mode, which amounts to a basis transformation between spatial and polarization modes. Polarization rotations are done via wave plates following by a PBS as mentioned above. The measurements of the other observables α, β, C, c and γ, which are the products of two Pauli operators, are implemented by a polarization rotation, a basis transformation between spatial and polarization modes, and another polarization rotation followed by a projective measurement in the {|H , |V } basis.
We need to apply sequential measurements of three compatible observables on the same photon. Before the next measurement is done, we need to bring back the eigenstates of the previously measured observable. For six sets of measurements shown in (1), each set has eight different outcome distributions. A proper choice of devices and the wave plates' angles (please find the angles in the supplemental material), we can implement six sets of measurements with eight different outcomes. Finally, photons are detected by single-photon avalanche photodiode (APD). We only register coincidences between APD (D 1 ) and the trigger APD (D 0 ). For each outcome distribution of each measurement, we recorded clicks for 2s, and registered about 20000 single photons. The probability for more than one photon pair is less than 10 −4 and thus it can be neglected. The coincidence counts are used to calculate the measured probabilities of eight outcomes of the each set of measurements.
In principle, for noncontextuality entropic inequalities only provide a necessary but not sufficient criterion [10] . However, entropic inequalities turn also to be sufficient, since any contextual probabilistic model will display entropic violations if properly mixed with a classical model. To find such a non-contextual and realistic distribution, we first define
Under this definition, we have the classical distribution satisfying q 1 = · · · = q 6 = 1 which is analogous to (2) , but takes into account the definition (6) . With the similar experimental setup, we can implement four set of mea-surements {A, a}, {B, b}, {A, B} and {a, b} and obtain the classical distribution. By equally mixing the quantum and classical distributions one obtains a distributioñ q i = 1 2 (q i + q i ). Note that quantum theory predicts
therefore for this mixed distribution the entropic inequality is maximally violated (1 ≤ 0). The experimental results are shown in Fig. 4 . We Table I show that a state-independent violation of the entropic noncontextuality inequality (4) occurs by 89 standard deviations (at least). Due to the imperfections in the experiment such as the accuracy of waveplates and decoherence ect., there is a bit of difference between experimental results and theoretical predictions. On the other hand, the derivation of entropy near probability 0 or 1 is infinite, which makes the entropy extremely sensitive to the noise of probability when it should be 0 theoretically. There is also a bit of difference between the score for different states (pure states and mixed states). That is because compared to pure states, generation of desired mixed states is a little complicated and the unideal fidelities of the states influence the experimental results as well.
In our experiment photon loss opens up a detection efficiency loophole. Fair-sampling assumption is taken here which assumes that the event selected out is an unbiased representation of the whole sample [14, 23, 24] .
In summary, we experimentally demonstrate the first entropic test of state-independent contextuality on a single photonic four-level system. We show that 26 different single photonic states violate an entropic inequality which involves correlations between results of sequential compatible measurements by at least 89 standard deviations. Our results show that, even for a single system, and independent of its state, there is a universal set of tests whose results do not admit a noncontextual interpretation.
